Abstract--Stable organomineral derivatives are formed by reaction of organochlorosilanes with certain phyllosilicates. Organosiloxyl functions are grafted on silanol groups present at external mineral surfaces.
INTRODUCTION
Numerous attempts at synthesizing organomineral derivatives have been carried out by the direct action of very active organic reagents with some natural silicates. Using reactants such as diazomethane, acyl chlorides, anhydrides and epoxides, reactions have been carried out with pre-dried montmorillonites (Berger, 1941; Gieseking, 1949; Deuel, 1950) . The grafting of the above organic substances can be explained by their reactions with the silanol groups of the mineral; nevertheless, the bond between the organic entity and the mineral is not very stable (Brown et al., 1952; Greenland and Russell, 1955) .
The interaction of organochlorosilanes with certain lamellar silicates (montmorillonite, vermiculite) produces complexes relatively unstable with the organosiloxanes which result from the hydrolysis of the reagents. This latter reaction probably occurs in the interlamellar spaces (Arag6n de la Cruz et al., 1972) .
Attempts to synthesize organomineral derivatives by direct reactions in organic solvents have been carried out by Edwards (1970) beginning with chrysotile asbestos fibers and organochlorosilanes. In studying the resulting products by i.r. spectroscopy, Edwards concluded that it is possible to obtain organomineral derivatives of chrysotile only under extreme experimental conditions. * Instituto de Edafolog~a y Biologia Vegetal, C.S.I.C., c/Serrano 115 dpdo., Madrid 6. t Centre de Recherche sur les Solides /t Organisation Cristalline Imparfaite, C.N.R.S., Orleans-Cedex, 45045, France.
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On the other hand, several organomineral derivatives of silicates have been obtained by simultaneous hydrolysis of some minerals with organosiloxanes or organochlorosilanes in a mixture of iso-propanol and concentrated hydrochloric acid (Lentz, 1964; Frazier et al., 1967; Fripiat and Mendelovici, 1968; Zapata et al., 1972) . Under these conditions, the mineral undergoes a profound alteration resulting from extraction of the metallic cations by the acid in the reaction medium.
The present work concerns the preparation of stable organomineral derivatives by direct grafting of organochlorosilanes on the surface of several silicates. The presence of superficial silanol groups allows the grafting of organic groups without the need of extracting the cations, thus avoiding destruction of the mineral lattice. Some molecules of water absorbed on the surface can bring about the hydrolysis of organochlorosilanes into HC1 and organosilanols; the HC1 extracts the metallic cations in producing new silanol sites exposed on the surface of the mineral.
Sepiolite is a mineral very well adapted for this kind of study because one part of the mineral has a very high density of superficial silanol groups and the other part has easily controlled numbers of differing water species available to the reagent.
EXPERIMENTAL

Minerals
Sepio!ite, the starting mineral which has been used to advantage in this work, is a magnesium hydrated Brauner and Preisinger (1956) .
silicate of fibrous morphology whose octahedral layers are discontinuous; the open channels extend longitudinally in the direction of the fiber axis. According to Brauner and Preisinger (1956) the ideal formula of the half-cell corresponds to: Si12Mg803o (OH)4 (H2Oh'8 HzO. Each magnesium having access to a channel ( Figure 1 ) is bound to two water molecules (co-ordinated water); other water molecules are located inside the channels (zeolitic water). Although the co-ordinated water is totally removed only by heating at elevated temperature (around 500~ at atmospheric pressure), the zeolitic water is eliminated very easily either by heating at ll0~ or by high vacuum. The loss of this latter species of water is reversible, but the loss of the co-ordinated water produces structural modifications which apparently are irreversible (formation of "anhydrous sepiolite"). The sepiolite used in this work originates from Vallecas (Spain). Chemical analysis (~): SiO/55.5; AlzO 3 3.25; FezO3 1.4; MgO 21.75; CaO 0.7; K20 1.2; Na20 0.6; H20 (weight loss from 20~ to 600~ 15.15. Specific surface area (B.E.T., N2): 276m2/g. Granulometric fraction used: less than 200 mesh.
Some tests have been carried out starting with chrysotile (Si2OsMg(OH),0 and kaolinite (Si2OsA12-(OH)4). The chrysotile came from Vancouver (Canada) and is the Cassiar A. K. type; the surface area is 14m2/g The kaolinite came from Zettlitz (Czechoslovakia); fraction used: 1 to 2/~m. Here the B.E.T. surface area is 18 mi/g.
Orqanochlorosilanes
The following reagents were used: trimethylchlorosilane: (CH3)3SiCl, methylvinyldichlorosilane: (CH3) (CHe~--------CH)SiC12 and allyldimethylchlor osilane: (CH3)i(CH2~------CH---CHa)SiC1. These reagents, supplied by Fluka, were used in solutions of anhydrous analytical grade organic solvents, supplied by Merck.
Experimental
The mineral is treated with the solution of an organochlorosilane in an anhydrous or~,anic solvent.
The mixture is stirred continuously for 30min at 20~ to assure a homogeneous dispersion. The resulting solid is recovered by centrifugation and it is washed with methanol, in order to remove MgCI2 which can be formed in the course of the reaction. These washings are continued until the C1-ions are no longer detected. The solid is then dried at ll0~ for 24 hr.
Some reactions have been carried out in the presence of excess organochlorosilane. The quantities used in these cases are: Mineral: 5.00g.; Solvent: 100 ml; Organochlorosilane: 3.00 ml. This amount of organochlorosilane corresponds to the "plateau" in Methylvinyldichlorosilane.
A series of experiments has been carried out starting with sepiolites with varying degrees of hydratation which result from heating in air for various times. For the samples pretreated at ll0~ a 200ml. PVC container was used which could be hermetically sealed. After determining the weight loss, the organochlorosilane dissolved in petroleum ether (B.P, 50-70~ Merck) was added to the dehydrated sepiolite. Some samples were pretreated at 500~ the water adsorbed physically during cooling of the samples was eliminated by heating at ll0~
Experiments have been carried out in the presence of excess water on the mineral surface; the addition of water was made in a dispersion of the silicate (sepiolite, chrysotile) in dry petroleum ether; agitation was continued for some minutes before the addition of the methylvinyldichlorosilane in the same organic solvent.
(per 100g sepiolite) the quantity of magnesium extracted is constant (120 m-equiv./100 g). On the other hand, when the reactions are carried out with methylvinyldichlorosilane, the maximum amount of magnesium (about 100m-equiv./100 g) is extracted when around 100mmoles of the reagent are added, but when more than this quantity is added, the extraction is less, being only about 60m-equiv./100 g, while the amount of material grafted continues to increase up to about 65 mmoles/100 g.
Difunctional organochlorosilanes may be hydrolyzed totally (equation 1) or partially (equation 2) following the amount of water present (Noll, 1968) :
Cl-i-Cl +.Cl .).
Chemical titrations and physical determinations
The magnesium cations extracted during the course of the grafting reaction with sepiolite and chrysotile were determined from the methanol washings by E.D.T.A. complexometry. The percentage of carbon (and chlorine in some cases) was determined after total rehydrafion of the samples. The i.r. spectra were obtained from two double beam instruments (Beckman IR 12 and Perkin Elmer 180). The samples were dispersed in KBr pellets.
Specific surface measurements (B.E.T., N2) were carried out in the apparatus described by Cahen et al. (1965) ; the samples were previously degassed for 24 hours (10 .3 Torr at 100~
RESULTS AND DISCUSSION
Synthesis of the organic derivatives of sepiolite
The surface of the sepiolite is covered very quickly by the organic groups. The products after 5 min and 120min of reaction showed identical i.r. spectra; the chemical composition of the two samples also was identical. The reaction was terminated after a short time of contact between the reagent and mineral no matter what organochlorosilane was used.
However certain organic solvents can reduce the extent of the grafting process, because of reaction with ~Si-C1 groups of the reagent. Such is the case for those syntheses carried out in the presence of alcohols. On the other hand, the use of inert hydrocarbon solvents, diethylether and carbon tetrachloride always leads to organic derivatives of similar composition. The extraction of magnesium is also diminished when the reactions are performed with alcohols present.
The amounts of material grafted and of magnesium extracted are plotted in Fig. 2 as a function of the amount of the organochlorosilane added. It may be seen that the extraction of magnesium differs appreciably according to the mono-or di-functional character of the silane. Indeed, for additions of trimethylchlorosilane greater than around 240mmoles
Cl--~i--C' .:o> Cl~-~i20 ~i--C1 + HC'
In either case "molecular" hydrogen chloride is formed, and for the same amount of water, reaction 2 yields double the HC1 as compared to reaction 1.
If it is admitted that water filling the micropores of the silicate is not accessible for hydrolysis, then it seems reasonable to affirm that the addition of less than 100mmoles of methylvinyldichlorosilane (per 100 g sepiolite) gives rise to formation of methylvinylsilanediol via equation (1), which will be grafted immediately in monomeric form, onto the silanol groups of the mineral surface. By contrast when more than 100 mmoles of methylvinyldichlorosilane (per 100 g) are added, the hydrolysis will proceed according to Grafted species, mmoles /lOOg Fig. 3 . Variation in the specific surface area of the vinyl derivatives of sepiolite as a function of the number of (CH3) (CHz~------CH) SiO groups grafted/100 g mineral. Synthesis carried out in petroleum ether at 20~
equation (2) and the reagent will be grafted in polymeric form as polymethylvinylsiloxyl groups. The bulkiness of these polymeric grafted species is such that some of the micropores of the mineral are blocked as shown by the decrease in specific surface area measured by nitrogen adsorption (Fig. 3) : Since, according to these interpretations, the addition of 100mmoles of methylvinyldichlorosilane (per 100 g) leads to the grafting of around 45 mmoles of methylvinylsiloxyl groups in "monolayers", it is easy to calculate that the surface of the covered mineral is of the order of 175 m2/g (each grafted species covers 65 A2). This value is of the same order of magnitude as the specific surface of organomineral derivatives measured by nitrogen adsorption (176 m2/g). Furthermore, by comparing the quantities of material grafted in the presence of excess methylvinyldichlorosilane, one can easily deduce that the average number of fragments which constitute the polysiloxanyl grafted species is about 1.7.
Other types of grafting experiments with trimethylchlorosilane and methylvinyldichlorosilane have been tried starting with sepiolites in which the amount of water is varied either by heating or by the addition of water. Because sepiolite is hydrophylic, the water becomes an interphase between the organic solvent and the external surface of the mineral. These experiments show (Fig. 4) quantity of grafted organic matter becomes constant for relative amounts of water greater than -7~o (by weight). Even when the synthesis is attempted starting with anhydrous sepiolite (pretreated at 500~ the fixing of methylvinylsiloxy groups (30 mmoles/100 g) occurs only with silanol groups already present on the surface of the mineral, probably according to reaction (3):
On the basis of this equation, the grafting occurs in monomeric units, with the grafted species covering a surface area of 117m2/g. This value is in good agreement with the surface area of anhydrous sepiolite as determined by nitrogen adsorption (120-140 m2/g). It is thus shown that the grafting in the total absence of water occurs in monolayers even in the presence of excess difunctional organochlorosilane.
For the same type of experiments beginning with trimethylchlorosilane, approximately 13mmoles of trimethylsilyl groups (per 100 g) can be grafted. This value, which is lower than in the case of methylvinyldichlorosilane, supports the idea that blocking is more important with the (CH3)3Si= species as compared to the > Si(CH3) (CH--CH2) species.
Characterization and properties of the organic derivatives of sepiolite
The X-ray powder diffraction diagrams of the organomineral derivatives described in the preceding paragraph do not show any modification as compared to the diagrams of the corresponding starting mineral. Furthermore electron microscope observation shows that the sepiolite fibers treated with organochlorosilane retain the same morphology as the starting sepiolite. These observations agree with the interpretation that only the external surface of the mineral (that which is accesible to the reagent) is involved in the grafting reaction.
The presence of the S%CH3 groups grafted to the sepiolite, is revealed by i.r. absorption bands at 2970 and 1275 crn-1. The vinyl group is indicated by bands at 3058 cm -1, v(C-H) of ~CH2; 3020cm 1, v(C-H) of-CH--; and 1598 cm -1 v(C C) of S~CH--CI-I z. Also noticeable (Fig. 5) is the development of a band at 2932 cm -1 which is assigned to the addition of an HC1 molecule to the vinyl double bond. This agrees with the chlorine content of the samples. These reactions are a secondary phenomenon (17~ of the Si-CH--CH2 being so reacted).
For synthesis carried out with allyldimethylchlorosilane, no absorption typical of the allyl group can be seen; only absorptions characteristic of the -CH3 and -CH 2 groups are observed. By chlorine analysis, 80~o of this reaction is HC1 addition, but this reaction can be avoided by adding an organic base to the reaction mixture which controls the quantity of HC1 present.
The unsaturated grafted Si-CH--CH2 groups give the mineral surface a reactivity characteristic of these groups. Thus it is possible to add bromine and osmium tetroxide to the vinyl derivatives of the sepiolite. The yield for the bromine addition is on the order of 50~o, while the yield of the OsO~ addition is 70~o. It may be possible that a fraction of the vinyl groups is located in narrow pores; this could explain why not all of them react with either bromine or OsO4. The i.r. spectra of the resulting products show a decrease in the absorption bands due to double bonds, and at the same time an absorption band is observed at 2932 cm 1 due to v(C-H) of_CH 2 . The addition of a hea~2r atom such as osmium allows one to determine the arrangement of the vinyl groups on the sepiolite fibers by electron microscope observation (Barrios-Neira et al.. 1974) .
Attempted synthesis with other silicates
If the area available to the reagents determines the quantity of material grafted, then experiments conducted with chrysotile and kaolinite should lead to derivatives with only very small numbers of methyl and vinyl groups. In these minerals, as compared to sepiolite, the quantity of accessible silanol groups is relatively small. The reaction of trimethylchlorosilane and methylvinyldichlorosilane with kaolinite produce derivatives containing about 1~, carbon. Even when reactions were conducted under reflux conditions for Comparable results are obtained when starting with chrysotile, although it is possible to force the reaction by the addition of water to the reaction medium. Four grafting reactions were carried out with excess methylvinyldichlorosilane dissolved in petroleum ether in the presence of 2, 5, 10 and 15~o by weight of water. The number of methylvinylsiloxy groups grafted (Table 1) increased regularly as a function of the amount of water present. At the same time, there was an increase in the magnesium extracted.
The situation here is quite different from the grafting of sepiolite under the same experimental conditions. Actually at the start of the reaction, chrysotile does not have accessible Si-OH functions on its surface. In order to make these groups available, it is necessary to eliminate at least the first magnesium layer which is exposed on the external surface of the fibers. According to the results of Pundsack and Reimschussel (1956) it is possible to calculate that about 140m-equiv. HC1 (per 100g chrysotile) are needed to extract all of the Mg 2+ cations in this layer. The Mg 2+ cations are extracted on the addition of water to the reaction mixture because of the formation of HC1 resulting from the hydrolysis of the chlorosilane. This can explain the relation between the removal of a fraction of the magnesium layer and the amount of material grafted. CONCLUSIONS 1. The amount of organic matter grafted during the reaction of organochlorosilanes with superficial silanol groups of silicates depends on the extent of the external surface exposed to the reagents and on the number of accessible silanol sites.
2. The reaction of a difunctional reagent such as methylvinyldichlorosilane leads to a grafted polymeric species when the quantity of hydration water on the surface is not sufficient to assure complete hydrolysis of the reagent.
3. The reaction of difunctional reagents in the total absence of hydration water (i.e. starting with "anhydrous sepiolite'?) results in a monolayer, probably ,by the direct grafting of the reagent to the Si OH pairs located on the surface, 4. With silicates whose external layers are not covered by Si-OH groups but rather by hydroxyls bonded to other cations (magnesium in the case of chrysotile), one can expose the silanol groups and force the grafting reaction by adding water to the reaction mixture.
